Abstract Realistic molecular models of one and two-centre catalytic active sites originating from the cleavage of a precursor material known to give rise to an active double metal cyanide catalyst are described. Via periodic density functional calculations the structure of the proposed catalytic sites are shown to be dependent on electrostatic and structural relaxation processes occurring at the surfaces of the precursor material. It is shown how these effects may be adequately captured by small molecular models of the active sites. The general methodology proposed should provide a computationally efficient basis for detailed future studies into catalytic reactions over double metal cyanide materials.
. In recent years DMC catalysts have become industrially important for epoxide polymerisation of polyols. Their main advantages over more traditional potassium base (KOH) catalyst are (i) a much higher activity, (ii) highly reduced unsaturation of the obtained polyols, and (iii) a narrow molecular weight distribution of the product [5, 6] . The above features result in the possibility of reaching much higher polyol molecular weights than using a KOH catalyst in a more controlled manner. The polyols prepared in such a process are useful in the production of polyurethane coatings, elastomers, sealants, foams and adhesives [7] . In the light of growing environmental concerns, the DMC catalyst has also been proposed as an agent for co-polymerising carbon dioxide with epoxides, enabling the environmentally unfriendly properties of CO 2 to be suppressed by using it as a raw material source for polymer production [8] . DMC catalysts are also found to be active in copolymerisation of other molecular species [9] . DMC catalysts have been relatively well investigated with respect to their activity in different preparation routes and operating conditions [2, 4, 5, 10] . However, we are not aware of any theoretical investigation into the exact mechanism of the DMC mediated catalysis to date, nor the detailed nature of the active sites. In the present study, we start with the crystal structure of the DMC precursor salt, which has been obtained from refined powder diffraction data. The DMC bulk is then constructed by the substitution of hydroxyl groups with chloride anions. The resulting structure is then optimised using fully periodic density functional (DF) calculations and planewave pseudopotentials, both with respect to lattice parameters and atomic positions. Finally, the slab model is used to calculate a reconstructed surface of the DMC catalyst from which we extract likely active site models.
Periodic and slab calculations
The aim of the present investigation is to select a small atomic cluster with which to adequately represent the active site of the DMC catalyst. The model system must be small enough so that the calculations of full catalytic cycle are feasible, but at the same time, it must represent the active site with appropriate accuracy under a range of conditions (i.e. empty site, site with Cl − on top, site with adsorbed reactants). As the DMC material is ionic, an important consideration is the role of the long range electrostatics of the material on the localised active site. We have investigated these long range effects using fully periodic DFT calculations on bulk crystal, and surface slab models. For this type of calculation we used the pseudopotential planewave (PP-PW) approach with Vanderbilt ultrasoft pseudopotentials (USPPs) [11] . In all calculations, we used the PW91 exchange and correlation functional [12] , and the calculations were done at Γ point. No k-point sampling was deemed necessary in our calculations for two reasons: we are using a relatively large unit cell (at least 7Å in each direction), and the fact that the DMC is an insulating ionic salt. It is worth noting that interesting surface properties were calculated using even larger 2×2 super-cell, further reducing the need for k-point sampling.
Two different codes were used in the calculations. For the fully periodic calculations, we used CPMD code from IBM research labs [13] . Because of the fact that CPMD does not allow for calculation of the stress tensor with USPPs, unit cell optimisation was achieved by sampling the total energy landscape for different cell parameters, and finding the minimum of a quadratic best fit. Within each set of unit cell parameters, full geometry optimisation was done at a planewave kinetic energy cut-off of 500 eV. In order to minimise the effects of Pulay stress, the final energies were obtained by taking the optimised geometry and performing a single step energy calculation at a 1000 eV cut-off.
In calculations of the surface reconstruction of the DMC catalyst, we used the Dacapo code from the Campos Atomistic Simulation Environment [14] . For these calculations we used 300 eV energy cutoff, which proved to be sufficient for both energy and geometry convergence. In all calculations, we used a super-cell containing a slab thick enough to contain two layers of Co CN ð Þ [16] . The key to all these mechanisms is a removal, or compensation, of the excess surface charge, which can be accomplished by ionic reconstruction, electron transfer between the two surfaces, or adsorption of charged moieties, e.g. in an electrolyte. In order to counteract the dipole build up our system the terminating anions were distributed evenly on both surfaces of the DMC crystal. We argue that the maintenance of this fractional anion occupancy (e.g. during crystal growth or cleavage) is a natural physical/chemical mechanism by which DMC crystallites adopt to avoid the energetic cost of the accumulation of an dipole. In test calculations employing full optimisation of smaller slabs, changes in the geometry of the crystal were only significant at the surfaces due to reconstruction but were found to be negligible below the first surface layer of zinc centres. The high stability of the bulk is due to the rigidity of hexacyanide complexes which keep the internal part of the crystal firmly fixed. In order to reduce the computational cost of the final large slab calculations, the positions of inner atoms of the slab were fixed and only the positions of terminating anions, zinc centres and first layer of cyanide groups were optimised.
Molecular calculations
For all of the molecular calculations we used cluster DF calculations with the B3LYP hybrid exchange correlation functional [17] and an effective core potential basis set (LANL2DZ) [18] . The calculations were done using two codes: Gaussian98 [19] and GAMESS-UK [20] . We decided to use a different density functional for the cluster calculations than for periodic ones, because of its superior performance to non-hybrid functionals in many calculations of catalysed reactions. Unfortunately this functional was not available in the periodic codes we used. In all cases the calculated geometries and electronic properties of the catalytic centre in both cluster and periodic calculations were checked for consistency between the two employed functionals.
For cluster calculations on single-and double-centre sites, the geometry of the cluster was partially fixed to reflect the rigidity of the surface. The initial geometries of these clusters were taken from the periodic surface relaxation calculations and cut after the first layer of cyanide groups. The resulting geometries used in the cluster calculations are presented in Fig. 1 . It is important to note, that such clusters are charged, and geometrically stressed. Without additional treatment, obtaining a self-consistent solution of their electronic structure is extremely difficult. In order to counteract this problem, the clusters were additionally terminated with point charges to simulate the electrostatic influence of the rest of the crystal (therefore decreasing both geometrical and electronic stress). The point charges were placed at the centres of where the Co(CN) 6 complexes reside in the bulk crystal. During the calculations the positions of all zinc and chloride atoms were optimised. Using two different codes for the calculations both in the molecular and periodic case, was primarily motivated by the availability and efficiency of the codes on different computing facilities used in the course of this study. Some calculations were repeated in order to verify the transferability of the results.
Crystal structure of the DMC precursor and catalyst
In the experiment the DMC catalyst is prepared using a process described first by Kuyper and Boxhorn [1] . In this procedure, the catalyst goes through an intermediate form, which can be crystallised and for which the structure has been resolved. The (unpublished as of yet) structure has been refined by J.B. van Mechelen and co-workers in the Laboratory for Crystallography, University of Amsterdam. We obtained the details of the structure in private correspondence from Shell Chemicals, and used it to set up the calculations.
The originally refined crystal structure of DMC precursor has a relatively large unit cell, comprising of six Co(CN) 6 ions and 12 zinc atoms. This size of the unit cell puts significant computational strain on the possibility of modelling the crystal structure in a fully periodic manner. However, thanks to the near symmetrical arrangement of the atoms within the unit cell, it can be simplified to a cell which is three times smaller. The resulting structure fits the original refined one within a 0.05Å margin. All of the further described periodic DF calculations refer to this simplified unit cell. The calculated crystal structure of the DMC precursor is listed in Table 1 .
Surface reconstruction on the DMC catalyst
The DMC material is a heterogeneous catalyst, with catalysis happening in a slurry of DMC, propylene oxide and polyol starters. Looking at the crystal structure, the [100] surface appears to be the best candidate for the active part of the catalyst due to the fact that: (i) this surface is easily formed by cleaving just one bond per unit cell, and (ii) the surface exposes a layer of regularly spaced Zn centres. In our extended 2×2×1 super-cell, we placed two Cl − anions on each side of the slab, which ensures quenching of the electrostatic dipole across the slab (see Fig. 2 ). It can be argued that in a real surface, this distribution might be somewhat more complex, but we believe that because of high rigidity of Co(CN) 6 anion, and the relatively long distance between Zn centres (7.5Å) it will not substantially influence the properties of the active site. In the periodic DF calculations, the surface undergoes a slight reconstruction, which is found to influence only the topmost layer of the zinc centres. The Zn centres which are not occupied by Cl − anions sink inside the slab, and eventually become almost co-planar with the nitrogen atoms. The displacement of the Zn centres from the N-plane is found to be 0.23Å. On the other hand, the Zn centres having corresponding Cl − anions protrude out of the surface, with the Cl-Zn bond almost perpendicular to the surface plane (compared to a 48°angle between the corresponding bond and the [100] plane inside bulk of the crystal). We find therefore that the geometry of the surface around the Zn centres is heavily influenced by the availability of anions to be attached to it. This structural change leads also to significant changes in electronic properties of the zinc centres. We can quantify these changes by performing Bader analysis [21] of the charge density, and examining the resulting atomic charges within the DMC slab ( Table 2 ). As can be seen, in the absence of crystal induced electrostatic shielding, the Cl − anion adopts a slightly higher negative charge on the surface than the inside bulk of the crystal. This charge comes at expense of the neighbouring unoccupied Zn centre, which becomes more positively charged. This in turn increases the polarisation of the attached CN ligands. The charges of the Zn centres and ligands directly underneath the Cl − anions remain virtually unchanged from their bulk counterparts.
Molecular cluster model for active site
Our final model system for the active site, based on the calculated surface structure, has been verified with respect to the geometrical features found in periodic studies. We find that a model containing full layer of sub-surface ions (i.e. containing two Zn centres, and Co(CN) 6 anions connected to them) is capable of reproducing accurately the geometry of the surface Zn site after constrained relaxation. This model is, however, computationally very expensive, containing a total of five complex anions.
Zn
Co Cl C N Cl on top of the slab Cl below the slab Simply leaving out all complex anions, and terminating the CN ligands with hydrogen atoms does not yield a system with a proper relaxed surface site geometry. However, because of the rigidity of the hexacyanide anions and electronic shielding provided by cyanide ligands, we find that it is sufficient to substitute the first layer of Co(CN) 6 with fixed point charges, to reproduce the periodic active site geometry to within 0.05Å, for both empty and Cl − occupied sites. This is an agreement found to hold even though different methodologies and different functionals are used in the respective cluster and periodic calculations (see Table 3 ). In optimising the cluster model the point charges and cyanide ligands are kept fixed while the Zn atoms and (possibly) Cl are allowed to relax. Several test runs with fixed/flexible N atoms yielded essentially equivalent geometries. The reported geometries for the double centre cluster reflect actually two spatially different parts of the same cluster, as it has been calculated with single Cl − occupancy. In order to obtain single centre results, two calculations were done: (i) Cl − occupied and
(ii) empty site. In each case the number of electrons in the calculation was kept consistent with the formal charges of the involved atoms.
It is important to note, that in the cluster, while the point charges are placed where Co atom should reside in the crystal, each charge represents an approximation to each whole complex anion. The charge employed is therefore much less positive than the formal +3 charge on Co atom. We find, however, that the geometry of the site is not significantly influenced by the amount of charge placed, as it is effectively screened by the CN ligands. We tested charges in the range of 0.5 to 0.8, and eventually settled for 0.667 and 0.6 for the single centre cluster (three point charges) and double centre cluster (five point charges), respectively. These values made the whole molecular system charge neutral and was found to be optimal with respect to the rate of calculation convergence.
Beside the good representation of structural properties of the site in cluster calculations, we also studied its electronic properties in the Cl − occupied state; a configuration which will be relevant to further catalysis related calculations with Cl − substituted by a deprotonised alcohol. Because of the fact that our model system is negatively charged when occupied by a Cl − anion (2e for single centre model, and 3e for double centre model), there is a chance of electron leakage towards positive point charges. An analysis of charge distribution shows this indeed to be the case (see Table 2 ), but it also shows that the most charge is lost on the carbon side of highly polarisable CN − ligand. The charges on Zn and Cl centres are only sightly affected, and their difference should not be given much significance because of the different calculation methodologies used. The charge densities of both periodic and cluster sites can be seen in Fig. 3 . Zinc centres are numbered depending on Cl − occupancy: (1) for free site, and (2) for occupied site. Note that in the case of the molecular cluster, the entry in the Co row represents the charge 'leakage' towards the point charges, which were considered valid centres in the Bader analysis. 
Conclusions
In this paper, we demonstrate a systematic way of developing a computationally effective model for the active sites of a DMC catalyst. Starting from state of the art periodic calculations of the DMC catalyst precursor bulk, we obtained a model of the reconstructed DMC surface. The obtained surface model is then reduced to a small atomic cluster which represents the catalytic centre. In order to be able to investigate the possibility of bi-metallic activation, we present two different catalytic site models, containing one and two zinc centres. Our calculations show that both models are sufficient for capturing changes in the geometry of the modelled site depending on its Cl − occupancy. Further results of calculations on the catalytic cycle employing these active site models will be presented elsewhere.
